Several studies have reported improved outcomes with daily hemodialysis (DHD), but the strength of this evidence has not been evaluated. The published evidence on DHD was synthesized and its quality rated to inform need and sample size calculations for a randomized trial. Citations were identified in MEDLINE and EMBASE using validated search strategies. Dialysis journals that were not indexed and bibliographies of relevant articles were hand-searched. Two authors reviewed all citations. Articles that reported original data on five or more adults who were receiving DHD (1.5 to 3 h, 5 to 7 d/wk) for >3 mo were included. Twenty-five articles reporting 14 unique populations with 268 patients (five to 72 per study) met inclusion criteria. Of the 14 cohorts, 13 were studied with an observational design, 10 were studied prospectively, and four had parallel control groups. Mean age ranged form 41 to 64 yr, mean time on dialysis was 2 to 11 yr, 0 to 28% of patients had diabetes, >90% had arteriovenous fistulae, and >50% were dialyzed at home. Most data were described at <12 mo of follow-up. Outcomes included quality of life, cardiovascular disease, erythropoiesis, nutritional status, hospitalizations, and vascular access failures. Reporting was too heterogeneous to allow pooling of data. Ten of 11 studies suggested improvements in blood pressure; findings for other outcomes varied. Discontinuation of DHD occurred in 0 to 57% in-center and 0 to 15% home patients. Studies of DHD are limited by small sample size, nonideal control groups, selection and dropout biases, and paucity of data on potential risks. Randomized trials with adequate statistical power are required to establish the efficacy and the safety of DHD.
I
nterest in frequent hemodialysis (HD) regimens has grown substantially during the past decade. Delivered as either daily (1.5 to 2.5 h, 6 d/wk) or nocturnal (6 to 8 h, 6 d/wk) treatments, frequent HD has been reported to result in improved outcomes compared with conventional HD in several observational studies. On the basis of these studies, proponents of frequent HD have been lobbying governments in North America and elsewhere to fund these therapies as treatment options for patients with ESRD, whereas others have advocated that a randomized, controlled trial that definitively evaluates outcomes with frequent HD is needed before its widespread acceptance. Adopting techniques described by Stroup et al. (1), we conducted a systematic review to synthesize and rate the quality of current evidence with respect to the potential benefits and risks of daily HD (DHD) to inform need and sample size calculations for a randomized trial.
Materials and Methods

Research Questions
The primary questions of this review were as follows: (1) What is the published experience with DHD? (2) What is the methodologic quality of these studies? (3) What is the magnitude of benefits and risks of DHD reported in these studies? retrieved for further assessment when either investigator considered a citation potentially relevant. The search strategy was pilot-tested and modified with known relevant articles in an iterative process. The search strategy included multiple synonyms for the terms dialysis, daily, quality of life, cardiovascular function, nutrition, anemia, calcium, phosphate, hospitalizations, mortality, vascular access, and outcomes (detailed strategies available upon request). Supplemental searches using the names of all authors of included articles were performed. We also hand-searched reference lists of all potentially relevant articles, reviews, and HD journals that were not indexed in MEDLINE or EMBASE (Home Hemodialysis International, Hemodialysis International, and Dialysis and Transplantation) for the last 6 yr.
Methodologic Assessment
To summarize succinctly the design characteristics of the included studies, two investigators (R.S. and G.N.) developed a methodologic assessment tool, on the basis of criteria of internal and external validity suggested for studies of therapy (2) ( Table 1) . Each article was rated independently using this tool, and disagreements were resolved by consensus.
Data Abstraction
Using standardized forms, two reviewers (R.S. and R.M.) extracted data on study, patient, and treatment characteristics, as well as on patient outcomes and potential risks of DHD. Outcomes were divided into the following categories: (1) Health-related quality of life and related parameters, (2) cardiovascular disease, (3) erythropoiesis, (4) nutrition, (5) mineral metabolism and bone disease, and (6) hospitalizations. A description of the validated questionnaires that were used to assess health-related quality of life is given in Appendix 1. Risks that were evaluated were vascular access failures, blood loss, and nonadherence to therapy. When results were presented at multiple follow-up times within the same article, data that were reported at the longest follow-up time was extracted. All disagreements were resolved by a third reviewer (G.N.).
Statistical Analyses
Characteristics of individual included studies were compiled in tabular form. Because of heterogeneity among the included studies, outcomes were not pooled using meta-analysis. For each outcome, the range of mean changes is described. Vascular access failure rates were calculated as number of events per patient year or number of events per access year on the basis of data provided in the individual studies. Modality survival, defined as the percentage of patients who continued or wished to continue DHD at the last follow-up time, was calculated censoring for death, transplantation, and relocation to another center.
Results
Finding and Selecting Studies
More than 800 citations in six languages were screened from all sources, and 233 full-text articles were retrieved for detailed review. Twenty-nine articles met inclusion criteria . The agreement beyond chance between two independent reviewers for article inclusion was excellent ( ϭ 0.86).
Reasons for excluding citations were as follows: Abstracts (13 citations), patients not on DHD (72 citations), children (one citation), fewer than five patients (four citations), follow-up Ͻ3 mo (three articles), review articles or editorials without original data (46 citations), kinetic modeling theories (31 citations), and economic articles that reported costs without outcomes (three citations). Two authors independently excluded two articles because they did not examine clinical outcomes. An additional 29 articles reported similar outcomes for the same cohorts of patients as the 29 included articles but at earlier follow-up Was the loss to follow-up reported and Ͻ10%? 10/14 71 a There were 25 included studies, but in some instances, multiple studies reported on a single cohort of patients who were undergoing daily hemodialysis (DHD). Thus, data are reported here as number of cohorts. The denominator indicates the total number of cohorts where it was applicable to evaluate the criterion.
b This criterion is not applicable to one observational study for which outcomes were evaluated only at follow-up (15).
times . (References for excluded studies available on request.) Of the 29 included articles, 25 were published in 1998 or later, and four were published before 1982. Dialysis practices over the last three decades have changed considerably, potentially reducing the current applicability of findings from these four earlier studies. Thus, these four studies are described only briefly in this review (3) (4) (5) (6) . Ultimately, 25 articles that described 14 cohorts of at least 268 unique patients were included for methodologic assessment and complete data abstraction .
Methodologic Assessment of Included Articles
Because several included studies described different outcomes for the same cohort of patients, the methodologic assessment was performed for each of the 14 unique cohorts (Table 1) . Only one study used a randomized design; this was a randomized crossover trial (23) . Of the 13 observational cohort studies, three reported enrolling separate control groups. No study reported that blinded adjudicators assessed subjective outcome measurements, such as manual blood pressure, left ventricular mass index by echocardiogram, dry body weight, utility scores, etc. The loss to follow-up was low in the majority of studies. No study met all methodologic criteria. The mean number of criteria met for all cohorts was 56% (range 11 to 71%); for cohorts with control groups, it was 66% (range 57 to 71%). The majority of patients performed DHD at home. The HD prescription varied from 1.5 to 3 h, 5 to 7 d per week. However, the actual delivered treatment time and frequency were reported for six of 14 cohorts (8,14 -16,24,31) . Most studies did not report HD dose.
Patient and Treatment Characteristics
Patient preference as a result of lifestyle or other reasons seemed to be at least one reason for prescribing DHD in 12 of 14 cohorts. Six cohorts enrolled only patients who were "medically stable" or able to undergo home or out-of-hospital HD (7, 15, 21, 24, 27, 31) , whereas five cohorts also included patients with a specific medical indication for DHD, such as uncontrolled hypertension, intradialytic hypotension on conventional HD, malnutrition, etc. (14, 16, 17, 19, 24) . One cohort was selected solely on the basis of medical indication (23) , and indications were not specified for one cohort (22) .
The mean age of patients ranged from 45 to 64 yr, and the majority of patients were male (range 33 to 100%). All except three cohorts were composed entirely of prevalent patients who had been on conventional HD for at least 6 mo; the mean time on conventional HD ranged form 2 to 11 yr. The percentage of patients with diabetes was 0 to 28%, and Ͼ90% of patients had arteriovenous fistulae or grafts.
Outcomes with DHD
Selected outcomes that were reported in individual studies are summarized in Table 3 . Although the reported mean time on DHD ranged from 3 to 58 mo (Table 2) , all studies reported continuous outcomes between 3 and 24 mo of follow-up, with the majority at 12 mo.
Outcome measures, units of measure, and length of follow-up were too heterogeneous to allow pooling of data from individual studies. For example, multiple instruments and methods were used to measure health-related quality of life and nutrition. BP measures were variable and included predialysis, office, and 24-h ambulatory BP. Reporting of erythropoietin dose was reported in absolute units in some studies, whereas it was normalized to body weight or hemoglobin in others.
Findings varied considerably between studies with respect to most outcomes (Table 3 ), but two findings were relatively consistent. Decreases in systolic or mean arterial BP were reported in 10 of 11 studies (10, 14, 16, 17, (22) (23) (24) 27, 29, 31) , whereas six of eight studies found no statistically significant change in phosphate or phosphate binder dose with DHD at 3 to 24 mo of follow-up (12, 14, 16, 24, 26, 27) . Health-related quality of life improved in some studies but not in others. Improvements were seen in hematocrit, hemoglobin, or erythropoietin dose in 7 of 11 studies (14, 16, 17, 22, 24, 29, 31) . Albumin increased in 5 of 10 studies (11, 16, 18, 22, 29) .
The single randomized trial reported similar findings as the observational studies (23) . Twelve hypertensive conventional HD patients were randomly assigned in a crossover design to DHD and conventional HD, with each period lasting 6 mo. On DHD, the 24-h ambulatory blood pressure decreased by 20 mmHg (P Ͻ 0.01), while antihypertensive medication use was reduced. The left ventricular mass index decreased by 28 g/m 2 (P ϭ 0.01). Extracellular water as measured by bioimpedance was reduced by 5.1% (P ϭ 0.02). Estimates of variance were not provided. There was no observed change in hemoglobin, erythropoietin dose, or albumin.
No study was able to evaluate mortality, and only one study evaluated hospitalization rates and length of stay (14) . Hospital admission rates and mean length of stay for up to 6 yr on DHD were compared with admission rates and length of stay for the entire cohort during their 12 mo before starting DHD. The hospitalization rate decreased from 2.5 Ϯ 2.7 per patient year during the year on conventional HD before starting DHD to 1.5 Ϯ 9.9 per patient year on DHD (mean follow-up 18.9 mo; P ϭ 0.002). Similarly, the mean length of stay decreased from 12.2 Ϯ 16.1 to 8.0 Ϯ 58.5 d per patient year (P Ͻ 0.0001). However, 22 of the 42 patients in this cohort had died by 1 yr of follow-up, and only four of 42 remained by 6 yr (14) .
Potential Risks of DHD
Potential risks of DHD include increased blood loss through the dialyzer and vascular access, as well as an increased risk for vascular access failure as a result of more frequent cannulation. The issue of blood loss was addressed in six cohorts. One study reported increased intravenous iron requirements with DHD (27) . In another, the authors speculated that increased fre- Greater than 50% of patients in this study allowed to alternate DHD with 3 to 4x/wk. Table 2 . All outcomes above are described at 3 to 24 mo of follow-up (majority at 12 mo). All studies with statistically significant findings are described in column 3, and all studies that evaluated the outcome but did not have statistically significant results are presented in column 4. b This study reports statistically significant decreases in hospital admission rate and length of stay at 6 yr of follow-up; here 1 yr data is described due to potential informative censoring after 1 yr (see text).
quency of blood tests led to increased blood losses, but blood loss was not measured directly, and there was no change in iron dose or ferritin in this study (13) . Four studies reported no change (14, 17, 24) or increase (29) in serum transferrin saturation or ferritin, but iron dose requirements were not specified. Quantitative data on vascular access events were reported for seven cohorts and are summarized in Table 4 . Definitions and outcomes varied considerably between studies. To facilitate describing of the results, we defined "access dysfunction" as any intervention to help to salvage the access and "permanent access failure" as any event that resulted in requirement of new access placement. A statistically significant decrease in access dysfunction was found for one cohort while on DHD compared with their time on conventional HD (16); 22 of the 72 patients in this study had survived for at least 12 mo. In another cohort, there were decreased permanent access failures for arteriovenous fistulae, compared with patients who were on conventional HD (21) . Conversely, the remaining five cohorts reported no statistically significant differences in vascular access dysfunction or permanent failures with DHD compared with conventional HD at a mean follow-up of 3 to 24 mo (7, 14, 17, 25, 29) . There was a trend to increased access dysfunction for arteriovenous fistulae in two of these cohorts (7, 14) .
Another important risk of DHD includes patient burnout and fatigue, potentially resulting in nonadherence to therapy and change of dialysis modality. One study reported that patients were more likely to miss dialysis treatments while on in-center DHD compared with when they were receiving conventional HD (9.1 versus 2.3%; P Ͻ 0.001) (29) . Other studies did not report adherence. Modality survival was reported for nine of 14 cohorts and ranged from 43 to 100% at 3 to 24 mo for in-center patients (median 59%) and 85 to 100% at 12 to 24 mo for home patients (median 93%).
Discussion
First proposed in 1968, DHD failed to gain widespread acceptance because of increased costs and inconvenience of scheduling for HD units. Since 1998, there has been resurgence in both in-center and home DHD programs throughout the world. Still an experimental therapy in most centers, governments are being pressured to fund home and in-center DHD as treatment options for patients with ESRD as a result of suggestions of substantial benefits on a variety of physiologic parameters and health-related quality of life.
We comprehensively summarized the current published evidence on DHD. Although each of the included studies reported significant, often substantial, improvement in at least one outcome with DHD, when reviewed together, the overall (14), and Lyon (17), which reported total access-years. Similarly, event rates are reported as number per patient-year, except for Mountain View (14) and Lyon (17) , which reported number per access-year.
b London Study data include 12 patients on nocturnal HD. c A total of 31% of the 72 patients in this study survived for Ն1 yr, and 95% had an arteriovenous fistula.
findings for individual outcomes were variable. The beneficial effect of DHD on hypertension seemed to be relatively consistent across studies, as did the absence of any effect of DHD on phosphate control. However, health-related quality of life, erythropoiesis, and nutritional status improved significantly in some studies but not in others. Measures of left ventricular hypertrophy improved in all four studies that evaluated this outcome, but to what extent these improvements were due to reductions in extracellular water versus actual reductions in cardiac structural mass is unclear.
The included studies varied considerably with respect to patient population; dialysis time, frequency, and location; definitions of similar outcomes; methods of outcome assessment; follow-up times; and methodologic design. Moreover, the delivered dialysis dose was not described in almost half of the studies and may have differed between studies. This heterogeneity of previous studies of DHD likely is one factor contributing to the inconsistency of results observed.
Previous studies of DHD have also had several methodologic limitations, potentially resulting in the irregular findings. Studies in this review had a median sample size of 23. Whether null findings in some studies were due to lack of statistical power or the absence of any effect of the therapy is uncertain. Conversely, the improvements that were observed in some studies may have been exaggerated as a result of the use of nonideal control groups. Outcomes on DHD were compared with a concurrent control group for only four cohorts (7) (8) (9) (10) (11) (12) (13) 21, (23) (24) (25) , only one study of which used a randomized, crossover design (23) . The rest were pre-post case series with analyses of changes in parameters from a baseline measurement on conventional HD to follow-up measurements after initiation of DHD. In these studies, because the comparative evaluations were at different times without a concurrent control group, confounding as a result of period effects, increased medical attention and treatment, and placebo effects cannot be ruled out. In the three studies with nonrandomized control subjects, there was evidence of dissimilarities in baseline characteristics between daily and conventional HD patients. In two of these cohorts, the DHD patients were treated at home, whereas the control group received dialysis in-center (7) (8) (9) (10) (11) (12) (13) 21) . Home HD patients are a select group, generally characterized by exceptional compliance, motivation, and social support and lower mortality risk compared with in-center patients after adjustment for comorbid factors (61) . Because of all of these limitations, it is difficult to interpret the findings from DHD studies.
The utility of findings from previous studies is unclear. First, the patients who underwent DHD in these studies are not adequately representative of the general HD population. Most patients were male and had been on dialysis for Ͼ2 yr. Approximately one fourth or fewer had diabetes, Ͼ90% had arteriovenous fistulae or grafts, and almost half were selected to be "stable" or able to undergo home HD. Thus, whether the general HD population would achieve similar results as demonstrated in these studies is not known. Second, likely as a result of sample size constraints, the outcomes examined in previous studies have been limited to health-related quality of life or intermediate physiologic outcomes. No study has examined mortality, and only one study assessed the effect of DHD on hospitalization. Although this study suggests that hospitalization rates and length of stay may be reduced by 30 to 40% with DHD over 6 yr, interpretation of these data is limited by possible informative censoring and dropout biases.
The risks of DHD are also uncertain. Small sample size may have impaired the detection of infrequent yet clinically significant adverse events in some studies; in others, it is difficult to determine whether risks were evaluated properly. The relative risk for vascular access events was evaluated in seven of 14 cohorts: Two reported decreases with DHD (16, 21) , whereas two suggested a trend toward increased arteriovenous fistulae events (7, 14) . All of these studies were subject to the methodologic limitations described above. With respect to blood loss with DHD, the requirement for intravenous iron supplementation was reported in only one study and found to be increased (27) . Finally, the potential for patient fatigue and burnout is concerning, particularly with in-center DHD, for which the median discontinuation rate was found to be 41% by 3 to 24 mo of follow-up.
Unfortunately, the data as reported in previous studies were not sufficient to allow sample size calculations for a randomized trial. As mentioned, the majority of studies examined only surrogate or self-reported outcomes. Moreover, although we were able to gather estimates of the magnitude of effects that were observed with DHD on surrogate and self-reported outcomes, no study presented the variability of the change scores. Thus, sample size calculations for a randomized trial would require several assumptions and statistical simulations in addition to using the data presented here.
Limitations of this review should be appreciated. First, we were not able to pool the data, given its substantial heterogeneity. Second, to limit the scope of the review, we did not include studies that evaluated costs of DHD. However, these data have been reviewed previously (62, 63) . Third, we did not include abstracts because of difficulties with accurate data abstraction. Finally, although our methodologic assessment tool was based on accepted criteria for evaluating studies of therapy (2), the tool itself has not previously been validated. Because of this limitation, we did not compare scores from individual studies. Rather, we developed and used this tool simply as a means to summarize succinctly the characteristics of the included studies.
The ESRD population has significantly impaired quality of life compared with the general population (64 -66) and experiences tremendous morbidity. Moreover, the 20% annual mortality rate in North America has not changed in more than a decade despite advances in medical care (67) . For several physiologic reasons (68), DHD holds promise as a therapy that could improve the health of this population. Unfortunately, our review indicates that previous studies of DHD have been limited by inconsistent findings, small sample size, nonideal control groups, selection and dropout biases, the absence of hard outcomes, and inadequate assessment of potential risks. Thus, the available evidence does not support the current widespread implementation of DHD, particularly in-center DHD. A recent review resulted in similar conclusions regarding nocturnal HD (69) . Despite the methodologic limitations of previous studies, however, the substantial improvements that have been demonstrated in physiologic intermediate outcomes, as well as in health-related quality of life, cannot be ignored, especially given that no other therapy for this population has had such widespread dramatic effects. Further research in the way of large, methodologically rigorous studies is warranted. In the United States and Canada, two initiatives are now under way to address this need: The Quotidian Hemodialysis Registry (70) and the Frequent Hemodialysis Network randomized trials of frequent HD (http://grants.nih.gov/grants/guide/rfa-files/RFA-DK-03-005.html). The latter is sponsored by the US National Institutes of Health, in conjunction with the Centers for Medicare and Medicaid Services. It is hoped that other governments will provide funding for additional studies of frequent HD to define better the role of these therapies in the treatment of ESRD.
Appendix 1: Description of Health-Related Quality-of-Life Instruments
Generic Medical Outcomes Survey-Short Form 36 (SF-36)
This generic, 36-item questionnaire was constructed to survey health status in the Medical Outcomes Survey and is now one of the most commonly used instruments to assess health-related quality of life in the world (71) . Its 36 items assess eight health concepts: (1) Limitations in physical activities because of health problems, (2) limitations in social activities because of physical or emotional problems, (3) limitations in usual role activities because of physical health problems, (4) bodily pain, (5) general mental health (psychologic distress and wellbeing), (6) limitations in usual role activities because of emotional problems, (7) vitality (energy and fatigue), and (8) general health perceptions. The scores can be reported as two summary scales: The Physical Components Summary and Mental Components Summary (72) . The instrument may be either self-or interviewer-administered.
Kidney Disease Quality of Life-Short Form (KDQOL-SF)
This instrument includes the 36 items of the SF-36, as well as 43 additional kidney disease-specific items in 12 subscales (73, 74) . The long form of the instrument was originally developed to assess healthrelated quality of life in the HEMO study (75) .
Nottingham Health Profile
Similar to the SF-36, this is a self-administered, generic instrument with 46 items that measures physical, social, and emotional health problems and their impact on functioning (76) .
Time Trade-Off (TTO)
The TTO is a widely used method of measuring utility (77) . The interviewer asks the respondent to value health states in terms of duration of life in a state of perfect health that would be equivalent to some period in a particular health condition, for example, the patient's own health state.
Health Utilities Index (HUI-3)
The HUI-3 is also a widely used instrument that assesses utility (78) . The interviewer-administered version consists of 13 to 39 questions distributed among eight attributes: (1) vision, (2) hearing, (3) speech, (4) ambulation, (5) dexterity, (6) emotion, (7) cognition, and (8) pain. Utility is assessed using a health status classification system and a preferencebased scoring formula.
